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Introduction 

The  hedgehog  signal  transduction  network  mediates  cell-cell  communication  during 
normal  embryonic  development.  Genetic  mutation  of  hedgehog  network  genes  can  cause  severe 
birth  defects,  basal  cell  carcinoma  of  the  skin,  and  other  tumors  including  medulloblastomas  and 
glioblastomas  of  the  brain. 

Our  recent  work  demonstrates  a  role  for  hedgehog  signaling  in  mammary  cancer  and 
normal  mammary  gland  development  in  the  mouse.  Loss-of-function  mutations  in  two  hedgehog 
network  genes,  Patched-1  (Ptc-1)  and  Gli-2,  cause  cancer-like  lesions  that  closely  resemble 
human  ductal  carcinoma  in  situ  (DCIS.  The  lesions  become  invasive  with  age  but,  like  basal  cell 
carcinoma  and  medulloblastoma,  are  not  stable  upon  transplantation. 

The  specific  mechanism  by  which  mutations  in  the  hedgehog  network  lead  to  mammary 
lesions  is  not  known.  In  basal  cell  carcinoma,  loss  of  Ptc-1  function  or  overproduction  of  either 
Smoothened  (Smo)  or  one  of  the  three  hedgehog  proteins,  Sonic  hedgehog  (Shh),  leads  to 
tumors.  If  the  mechanics  of  the  hedgehog  signaling  network  are  conserved  between  skin  and 
mammary  gland,  a  specialized  skin  derivative,  these  observations  lead  to  the  following 
hypothesis: 

mutation  of  either  the  Ptc-1  or  Gli2  genes  results  in  improper  activation  of  the 
signaling  network  via  inappropriate  activity  of  either  Smo  or  the  hedgehog 
proteins  themselves.  This  improper  signaling  leads  to  loss  of  normal  growth 
control  and  mammary  lesion  formation. 

We  will  use  two  approaches  to  test  this  hypothesis.  First,  we  will  construct  a  transgenic 
mouse  line  that  expresses  a  constitutively  activated  form  of  Smo  that  signals  independently  of 
hedgehog  protein  binding  and  cannot  be  inhibited  by  Ptc-1.  When  expressed  in  the  skin,  this 
form  of  Smo  promotes  skin  tumors.  We  expect  that  altered  Smo  gene  will  promote  tumor 
formation  and  will  therefore  identify  Smo  as  a  mammary  oncogene. 

Second,  we  will  use  specific  inhibitors  of  hedgehog  protein  signaling  and  determine 
whether  these  agents  can  reverse  Ptc-1- ,  Gli2  -  or  Smo-induced  mammary  lesions  or  lessen  their 
severity.  As  controls  we  will  examine  the  effects  of  these  agents  on  well-characterized  mouse 
tumor  models.  Agents  will  be  delivered  via  surgical  implantation  of  slow-release  plastic  pellets 
within  the  gland.  Mammary  glands  will  be  examined  for  changes  in  structure  and  effects  on 
lesion  growth.  Glands  will  also  be  assayed  for  changes  in  cell  division  (DNA  synthesis)  and  cell 
death  (apoptosis)  as  well  as  in  expression  of  hedgehog  network  genes  in  response  to  treatment. 

In  addition,  we  will  test  the  effect  of  these  specific  inhibitors  on  a  panel  of  human  breast 
cancer  cell  lines.  It  is  possible  that  these  inhibitors  may  affect  the  growth  characteristics  of  a 
subset  of  human  cancers  thereby  implicating  the  hedgehog  network  as  a  contributory  factor  in 
breast  cancer  onset  or  progression. 

If  hedgehog  activity  is  responsible  for,  or  participates  in  lesion  formation  or  progression, 
we  anticipate  that  treatment  will  reverse  the  formation  of  lesions  or  slow  their  growth.  Such 
findings  would  justify  expanded  pre-clinical  and  clinical  investigation  of  related  hedgehog 
signaling  inhibitors  for  potential  therapeutic  value  in  the  treatment  or  prevention  of  human  breast 
cancers. 
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Summary  of  results 

Task  1.  To  determine  whether  constituitive  activation  of  hedgehog  signaling  leads  to 

mammary  lesions  in  transgenic  mice  using  an  activated  form  of  Smo  that  signals 
independently  of  hedgehog  protein  binding  and  is  unresponsive  to  Ptc-1 
inhibition. 

a.  Generation  of  MMTV:Smo  transgenic  mouse  line 

Progress:  This  has  become  the  primary  focus  of  our  efforts.  We  have 

completed  two  rounds  of  pronuclear  injection,  both  of  which  failed  to  produce 
founder  mice  that  transmitted  the  transgene  through  the  germline.  However,  in 
both  cases,  the  number  of  mice  produced  has  been  low.  We  are  now  working 
closely  with  the  Baylor  Mouse  Genetics  Core  Facility  (Dr.  Franco  DeMayo, 
Director)  to  increase  the  quality  of  the  DNA  used  for  injection  and  optimizing  the 
injection  conditions. 

We  have  also  begun  working  with  a  commercial  concern,  TOSK  Inc. 
(Santa  Cruz,  CA)  to  generate  transgenic  mice.  TOSK  has  developed  a  modified  P- 
element  for  use  in  mouse  mutagenesis  and  transgenic  production.  We  anticipate 
results  from  this  collaboration  within  the  next  two  months. 

Task  2.  To  test  the  in  vivo  effect  of  specific  hedgehog  protein  inhibitors  on  hedgehog 
network-induced  lesions  and  the  normal  mammary  gland. 

We  previously  reported  that  cyclopamine  appeared  to  inhibit  lactogenesis.  This 
result  has  been  confirmed  and  submitted  for  publication. 

There  is  only  one  remaining  sub-aim  for  this  task: 

d.  Implantation  and  analysis  of  inhibitors  on  Smo  -induced  mammary  lesions 
(expected  from  Task  1) 

1.  Pending  generation  of  MMTV:Smo  transgenic  mouse  line 

Task  3.  To  test  the  in  vivo  effect  of  specific  hedgehog  protein  inhibitors  on  hedgehog- 

independent  lesions 

Experiments  with  the  HAN  lines  have  been  delayed  due  to  inconsistent  behavior  of  veratramine 
in  cell  culture  experiments.  We  have  identified  Tomatadine  as  an  alternative 
negative  control  (see  task  4).  One  change  is  required  in  order  to  complete  these 
experiments  as  proposed.  The  HAN  tissue  lines  can  not  be  brought  into  the  mouse 
facility  in  which  our  animals  are  housed.  As  a  result,  we  are  collaborating  with 
Dr.  Daniel  Medina  (who  originated  the  HAN  tissue  lines)  who  maintains  his 
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mouse  colony  in  a  different  facility  at  Baylor.  Experiments  will  be  performed  as 
scheduling  and  transplant  lines  are  available. 

Task  4.  To  test  the  effect  of  hedgehog  inhibitors  on  the  growth  and  morphology  of  human  breast 
cancer  cell  lines  in  vitro. 

a.  Acquire  and  establish  human  mammary  epithelial  cell  lines. 

Cell  lines  established  and  under  study  are: 


1. 

MCF10A 

“NORMAL’ 

2. 

MCF12A 

“NORMAL’ 

3 

MCF7 

CANCER 

4. 

T47D 

CANCER 

5. 

MDA231 

CANCER 

6. 

MDA468 

CANCER 

7. 

Human  Mammary  Epithelial  Cells 

“NORMAL’ 

b.  Test  effect  of  inhibitors  on  growth  and  morphology  of  human  cell  lines 

We  have  completed  dose-response  growth  curves  for  MCF7  (ER  positive).  MDA231,  MCF10A 
and  T47D  are  in  progress.  We  find  that  cyclopamine  is  effective  in  inhibiting  growth  between  10 
and  40|iM  but  that  cells  are  not  affected  by  the  Tomatidine  negative  control  compound 
(Representative  result,  Figure  1).  Both  compounds  are  cytotoxic  at  50uM. 

Each  cell  line  listed  will  be  assayed  within  the  next  two  months.  Colony  forming  assays  will 
follow  immediately  thereafter. 


Figure  1 .  Dose-response  curves  for 
MCF7  cells  in  response  to  either 
Cyclopamine  (top)  or  Tomatidine 
(bottom). 
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Cyclopamine  inhibits  breast  cancer  cell  growth  in  a  dose-dependent  manner.  Non-teratogenic 
steroidal  alkaloids  do  not  affect  cell  growth  except  at  the  high  end  of  the  dosages  tested 
(50pM). 


Reportable  Outcomes 

Publications  and  Manuscripts 

1.  Lewis,  M.T.,  Ross,  S.,  Strickland,  P.A.  Sugnet,  C.W.  Jimenez,  E,  Hui,  C.C.  and 
Daniel,  C.W.  (2001)  The  Gli2  transcription  factor  is  required  for  normal  mouse 
mammary  gland  development.  Dev.  Biol.  .238:133-144 

2.  Lewis,  M.T.  and  McManaman,  J.  Hedgehog  signaling  is  required  for  lactation.  (Dev. 
Biol.  Submitted) 

Presentations 

1.  Lewis,  M.T.  Baylor  College  of  Medicine  (October  2001) 

2.  Lewis,  M.T.  Think  Tank  12  (March  2002) 

Employment  received  and  research  opportunities. 

1.  Participating  as  a  PI  for  one  project  in  a  program  project  grant  entitled  “Novel  Gene  Networks 
in  Breast  Development  and  Cancer”  (C.  Kent  Osborne,  P.I.).  The  project  is  entitled:  “The  Ptcl 
hedgehog  receptor  and  mammary  ductal  development  and  progression  to  neoplasia” 

2.  Participating  as  the  Animal  Handling  and  Imaging  Core  Director  for  the  above  PPG. 

3.  Co-investigator  on  SPORE  grant  “Translational  Research  in  Breast  Cancer”  (C.  Kent 
Osborne,  P.I.) .  Project  entitled:  “Genetic  expression  profile  of  taxotere  versus  AC 
sensitivity”.  Replacing  Dr.  Peter  O’Connell. 
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Conclusions 

•  Ductal  development  is  not  dependent  on  hedgehog  signaling. 

•  Cyclopamine  is  effective  in  inhibiting  breast  cancer  cell  growth  in  vitro. 


Appendices 

1.  Curriculum  vitae  for  Michael  T.  Lewis 

2.  Lewis,  M.T.,  Ross,  S.,  Strickland,  P.A.,  Sugnet,  C.W.,  Jimenex,  E.,  Hui,  C.C.  and  Daniel, 
C.W.  (2001)  The  Gli2  transcription  factor  is  required  for  normal  mouse  mammary  gland 
development.  Dev.  Biol.  238:133-144 
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Appendix  1.  Curriculum  vitae  for  Michael  T.  Lewis 

MICHAEL  T.  LEWIS 

University  of  Colorado  Health  Sciences  Center 
Room  3620,  Box  C240 
Denver,  CO  80262 
TEL:  (303)315-8945 
FAX:  (303)315-8110 
E-mail:  mike.lewis@uchsc.edu 


Education: 


College  of  William  and  Mary, 

Williamsburg,  Virginia  USA 

B.S. 

1982-1986 

Biology 

University  of  California 

Santa  Cruz,  California  USA 

Ph.D. 

1989-1995 

Biology 

University  of  California 

Santa  Cruz,  California  USA 

Post-doc. 

1995-1998 

Biology 

University  of  Colorado 
and 

Denver,  Colorado  USA 

Post-doc. 

1999 

Physiology 

Biophysics 

Research  and  professional  experience: 


10/86-7/88 


7/88-8/89 

9/89-6/95 


9/89-6/95 


7/95-12/98 


Biologist  -  National  Biomedical  Research  Foundation  -  Protein  Information 
Resource  (NBRF-PIR).3900  Reservoir  Rd.,  N.W.,  Washington,  D.C.,  20007. 

The  NBRF-PIR  Protein  Sequence  Database  is  an  internationally  used 
bioinformatics  resource.  Research  directed  toward  evolutionary  and  functional 
characterization  of  proteins  and  development  of  advanced  sequence  analysis 
protocols. 

Research  Scientist  -  National  Biomedical  Research  Foundation  -  Protein 
Information  Resource  (NBRF-PIR). 

Graduate  Researcher  -  University  of  California.  Department  of  Biology.  Santa 
Cruz,  CA  95064.  Laboratory  of  Dr.  Jerry  Feldman 

Molecular  genetics  and  evolution  of  circadian  (daily)  rhythms  in  the 
filamentous  fungus  Neurospora  crassa.. 

Teaching  Assistant  -  University  of  California.  Department  of  Biology.  Santa 
Cruz,  CA  95064. 

In:  Genetics  (5  quarters),  Howard  Hughes  Summer  Institute  for  Molecular 
Biology  (5  quarters),  Genetics  laboratory,  Cell  Biology,  Neurobiology,  and 
Virology. 

Post  Graduate  Researcher  -  University  of  California,  Santa  Cruz  CA  95064. 
Laboratory  of  Dr.  Charles  Daniel. 
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1/99-6/99 


6/99-6/01 


7/01 -present 


Molecular  genetics  of  mammary  gland  development  and  breast  cancer  in 
mouse  and  human.  Focus  on  the  function  of  the  hedgehog  signal  transduction 
network  and  homeobox  genes. 

Postdoctoral  Research  Associate  -  University  of  Colorado  School  of  Medicine, 
Denver  CO  80262.  Department  of  Physiology  and  Biophysics.  Laboratory  of  Dr. 
Peggy  Neville. 

Research  description  as  above. 

Instructor  -  University  of  Colorado  School  of  Medicine,  Denver  CO  80262. 
Department  of  Physiology  and  Biophysics. 

Research  description  as  above. 

Assistant  Professor  -  Baylor  College  of  Medicine  Breast  Center  and  the 
Department  of  Molecular  and  Cellular  Biology.  Houston  TX  77030 
Research  description  as  above. 


Professional  Activities,  Awards  and  Honors: 

Sigma  Xi  -  Charter  member,  Santa  Cruz  chapter 

Invited  Talks:  Genentech  Inc.  (7/98);  Lawrence  Berkeley  National  Laboratory  (8/98); 

University  of  Miami  School  of  Medicine  (8/98);  Gordon  Research  Conference  on 
Mammary  Gland  Biology  (6/99);  National  Cancer  Institute  (11/99);  University  of 
Colorado  Health  Sciences  Center  (3/00);  Baylor  Breast  Center  (8/00) 

Completed  and  Ongoing  Funded  Research  (within  last  5  years): 

ACTIVE 


Lewis,  M.T. 

BC990641  -  U.S.  Department  of  the  Army 

Title:  Hedgehog  signal  transduction  inhibitors  in  breast  cancer  treatment  and  prevention. 

Specific  Ajmsj 

1.  To  determine  whether  activation  of  hedgehog  signaling  can  lead  to  mammary  lesions  in 
transgenic  mice  using  an  activated  form  of  the  Smoothened  (Smo)  receptor  subunit. 

2.  To  test  the  in  vivo  effect  of  hedgehog  signaling  inhibitors  on  hedgehog  network  caused 
mammary  lesions. 

3.  To  test  the  in  vivo  effect  of  hedgehog  signaling  inhibiors  on  independent  lesions 
presumably  not  caused  by  mutation  in  hedgehog  network  genes. 

4.  To  test  the  in  vitro  effect  of  hedgehog  inhibitors  on  human  breast  cancer  cell  lines. 

Neville.  M.C. 

NIH  Proposal  P01-HD38129  (Ongoing) 

Program  Project  Grant.  Program  Director  M.C.  Neville 

Functional  Development  of  the  Mammary  Gland 
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The  major  goals  of  this  project  are  to  determine  the  molecular  and  genetic  mechanisms 
leading  to  functional  differentiation  of  the  mouse  mammary  gland  during  the  transitions 
from  pregnancy  to  lactation  and  from  lactation  to  involution. 

Steven  Anderson 

1-R01-CA85736  (Ongoing  -  current  role  limited  to  consulting) 

National  Cancer  Institute 

Induction  of  mammary  cancer  by  signaling  molecules 

The  major  goals  of  this  project  are  to  determine  whether  constitutive  activation  of  either 
the  prolactin  receptor  or  one  of  its  downstream  effectors  (Akt)  will  contribute  to 
neoplastic  progression  or  developmental  defects  in  the  mouse  mammary  gland. 

COMPLETED 


Lewis,  M.T. 

2FB-0047  -  University  of  California  Breast  Cancer  Research  Program  Postdoctoral 
Fellowship  (6/96-5/98) 

Title:  Homeobox  Gene  Expression  in  the  Normal  and  Malignant  Breast 

Specific  Aims: 

1 .  Which  homeobox  genes  are  expressed  in  the  human  breast  and  in  associated 
malignancies? 

2.  What  is  the  pattern  of  expression  of  various  homeogenes  in  the  normal  breast?  Are  breast 
cancers  associated  with  altered  levels  of  expression? 

3.  What  cell  types  express  homeogenes?  What  is  the  spatial  pattern  of  expression  in  the 
normal  and  malignant  breast? 

4.  Can  associations  be  made  between  homeogene  expression  and  parameters  such  as  age, 
reproductive  history,  and  endocrine  status? 

Daniel,  C.W. 

D AMD  1 7 -94- J -4230  -  U.S.  Department  of  the  Army  (1/95  -  12/98) 

Title:  Homeobox  genes  in  the  developing,  preneoplastic  and  neoplastic  breast 

Specific  Aimsj 

1.  Which  homeobox  genes  are  expressed  in  the  normal  and  neoplastic  mouse  mammary 
gland? 

2.  Is  human  breast  cancer  associated  with  altered  levels  of  expression? 

3.  Are  homeobox  genes  regulated  by  mammogenic  hormones  and  growth  factors? 

4.  Does  misexpression  of  homeobox  genes  lead  to  altered  development  or  neoplasia? 


RESEARCH  ARTICLES: 
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The  hedgehog  signal  transduction  network  performs  critical  roles  in  mediating  cell- cell  interactions  during  embryogenesis 
and  organogenesis.  Loss-of-function  or  misexpression  mutation  of  hedgehog  network  components  can  cause  birth  defects, 
skin  cancer,  and  other  tumors.  The  Gli  gene  family  (GUI,  Gli2,  and  Gli3j  encodes  zinc  finger  transcription  factors  that  act 
as  mediators  of  hedgehog  signal  transduction.  In  this  study,  we  investigate  the  role  of  GH2  in  mammary  gland  development. 
Mammary  expression  of  Gli2  is  developmentally  regulated  in  a  tissue  compartment-specific  manner.  Expression  is 
exclusively  stromal  during  virgin  stages  of  development  but  becomes  both  epithelial  and  stromal  during  pregnancy  and 
lactation.  The  null  phenotype  with  respect  to  both  ductal  and  alveolar  development  was  examined  by  transplantation  rescue 
of  embryonic  mammary  glands  into  physiologically  normal  host  females.  Glands  derived  from  both  wild  type  and  null 
embryo  donors  showed  ductal  outgrowths  that  developed  to  equivalent  extents  in  virgin  hosts.  However,  in  null  transplants, 
ducts  were  frequently  distended  or  irregularly  shaped  and  showed  a  range  of  histological  alterations  similar  to  micropap- 
illary  ductal  hyperplasias  in  the  human  breast.  Alveolar  development  during  pregnancy  was  not  overtly  affected  by  loss  of 
Gli2  function.  Ductal  defects  were  not  observed  when  homozygous  null  epithelium  was  transplanted  into  a  wild  type 
stromal  background,  indicating  that  Gli2  function  is  required  primarily  in  the  stroma  for  proper  ductal  development.  A GU2 
heterozygotes  also  demonstrated  an  elevated  frequency  and  severity  of  focal  ductal  dysplasia  relative  to  that  of  wild  type 
littermate-  and  age-matched  control  animals.  ©  2001  Academic  Press 

Key  Words:  breast  cancer;  hedgehog  signal  transduction;  organogenesis;  tissue  interactions;  epithelial-stromal  interac¬ 
tions;  transplantation;  ductal  development;  alveolar  development. 


INTRODUCTION 

Tissue  interactions  between  epithelial  and  mesenchymal 
cells  are  critical  for  proper  development  and  function  of 
many  organs.  In  the  mammary  gland,  development  and 
functional  differentiation  depend  on  interactions  between 
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2  Present  address:  University  of  Colorado  Health  Sciences  Cen¬ 
ter,  Department  of  Physiology  and  Biophysics,  Room  3802,  Box 
C240,  Denver,  CO  80262. 

3  Present  address:  Genentech  Inc.,  1  DNA  Way,  South  San 
Francisco,  CA  94080. 


an  ectodermally  derived  epithelium  and  associated  meso- 
dermally  derived  mesenchyme  (embryonic)  or  stroma  (post¬ 
natal),  and  between  epithelial  cells  themselves  (Brisken  et 
al.,  1998;  Daniel  and  Silberstein,  1987;  Sakakura,  1987). 
These  interactions  are  dynamic,  reciprocal,  and  tightly 
coordinated  with  the  reproductive  status  of  the  animal. 

The  mouse  mammary  gland  is  established  about  Day  10 
of  embryonic  development  but  consists  of  only  a  rudimen¬ 
tary  ductal  tree  at  birth.  At  puberty  (about  4  weeks  of  age), 
ovarian  hormones  stimulate  rapid  and  invasive  ductal  elon¬ 
gation  driven  by  growth  of  the  terminal  end  bud  (TEB).  The 
TEB  consists  of  4-6  layers  of  relatively  undifferentiated 
“body  cells"  surrounded  by  a  single  layer  of  “cap  cells.” 
These  two  populations  differentiate  into  lumenal  epithelial 
cells  (also  consisting  of  multiple  cell  types)  and  myoepithe¬ 
lial  cells,  respectively,  as  the  subtending  duct  is  formed 
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(Chepko  and  Smith,  1999;  Daniel  and  Silberstein,  1987). 
Upon  reaching  the  limits  of  the  fat  pad  at  ductal  maturity, 
ductal  elongation  ceases  and  TEBs  regress  to  leave  a 
branched  system  of  differentiated  ducts. 

Hormonal  changes  during  pregnancy  initiate  a  cyclical 
phase  of  development  in  which  there  is  a  dramatic  transi¬ 
tion  from  a  predominantly  ductal  to  a  predominantly  lobu- 
loalveolar  gland  morphology.  Yet  to  be  identified  lobuloal- 
veolar  progenitor  cells  located  within  the  ducts  proliferate 
to  form  alveolar  buds,  which  further  differentiate  to  form 
the  alveoli.  After  parturition,  alveolar  cells  begin  to  secrete 
large  quantities  of  milk.  Upon  weaning,  milk  secretion 
ceases  and  the  gland  undergoes  involution,  during  which 
most  alveolar  cells  undergo  apoptosis  while  the  remainder 
of  the  gland  is  extensively  remodeled  to  resemble  the 
prepregnant  state. 

Several  hormone  and  growth  factor  signaling  systems  are 
known  to  participate  in  control  of  these  developmental 
transitions,  some  of  which  have  also  been  demonstrated  to 
participate  in  mediating  tissue  interactions  in  the  mam¬ 
mary  gland.  These  signaling  systems  include  those  of  the 
mammotropic  hormones  estrogen,  progesterone,  and  pro¬ 
lactin  as  well  as  those  of  members  of  the  TGF-/3,  Wnt,  EGF, 
and  FGF  superfamilies.  Recently,  we  reported  that  het¬ 
erozygous  disruption  of  the  Ptcl  hedgehog  receptor  subunit 
leads  to  developmental  defects  and  cancer-like  histological 
alterations  in  the  mammary  glands  of  virgin  mice  and 
parous  mice  after  involution  (Lewis  et  al,  1999).  These 
observations  suggested  a  novel  and  important  role  for  the 
hedgehog  signal  transduction  network  in  regulation  of 
histomorphology  and  the  control  of  tissue  interactions 
during  mammary  gland  development. 

In  mammals,  the  genes  encoding  the  hedgehog  family  of 
secreted  signaling  proteins  [Sonic  Hedgehog  (Shh),  Indian 
Hedgehog  (Ihh),  and  Desert  Hedgehog  (Dhh)}  and  associated 
signaling  network  components  are  important  regulators  of 
cell  identity,  cell  fate,  proliferation,  and  pattern  formation 
during  embryogenesis  and  organogenesis  (Hammerschmidt 
et  al.,  1997;  Ingham,  1998;  Levin,  1997;  Lewis  et  al.,  1999; 
Ruiz  i  Altaba,  1999a).  Hedgehog  proteins  secreted  by  a  given 
cell  act  as  ligands  for  a  receptor  complex  located  on  the 
membrane  of  nearby  cells.  The  receptor  complex  consists  of 
at  least  two  transmembrane  proteins,  Smoothened  (SMO) 
and  either  Patched- 1  (PTC1)  or  Patched-2  (PTC2).  In  the 
absence  of  hedgehog  ligand,  PTC1  (and  probably  PTC2)  acts 
as  an  inhibitor  of  the  SMO  subunit  and  prevents  down¬ 
stream  signaling.  Upon  hedgehog  binding,  inhibition  by 
PTC1  is  relieved,  thus  allowing  SMO  to  function.  Ulti¬ 
mately,  a  largely  uncharacterized  series  of  downstream 
events  leads  to  the  activation  of  one  or  more  members  of 
the  GLI  family  of  transcription  factors,  GLI1,  GLI2,  and 
GLI3. 

Strains  of  mice  carrying  loss-of-function  alleles  for  each 
of  the  three  known  Gli  genes  exist.  Targeted  disruption  of 
Glil  (AG/ii)  in  mice  led  to  no  discernible  phenotype  in 
homozygous  null  mice  (Park  et  al. ,  2000).  In  contrast, 
homozygous  mutation  of  either  the  Gli2  or  Gli3  gene 


results  in  perinatal  lethality  and  a  partially  overlapping  set 
of  developmental  defects  (Ding  et  al.,  1998;  Hughes  et  al., 
1997;  Mo  et  al.,  1997;  Motoyama  et  al.,  1998;  Park  et  al., 
2000;  Ruppert  et  al.,  1990;  Walterhouse  et  al.,  1993).  Cur¬ 
rent  data  suggest  that  Gli2  plays  a  role  primarily  as  a 
transcriptional  activator,  whereas  the  Gli3  gene  has  been 
characterized  primarily  as  a  transcriptional  repressor.  How¬ 
ever,  recent  work  demonstrates  that  the  activities  of  Gli2 
and  Gli3  are  influenced  by  the  presence  of  a  repression 
domain  in  the  N-terminus  of  each  protein  (Ruiz  i  Altaba, 
1999b;  Sasaki  etal.,  1999).  Together,  these  data  suggest  that 
Gli2  and  Gli3  are  the  primary  mediators  of  hedgehog 
signaling  and  that  each  may  possess  the  same  range  of 
functional  capabilities  as  Ci  in  Drosophila.  Thus,  the  effect 
of  disruption  of  Gli2  or  Gli3  in  a  given  tissue  cannot  be 
predicted  a  priori. 

Given  that  homozygous  disruption  of  Glil  did  not  lead  to 
an  overt  mammary  phenotype  (e.g.,  lactational  deficiency, 
tumor  formation)  (Park  et  al.,  2000)  and  that  our  ongoing 
analysis  of  the  Gli3xt  strain  has  yet  to  suggest  any  role  in 
mammary  gland  development  (M.  T.  Lewis,  unpublished 
results  cited  in  Lewis,  2001),  we  hypothesized  that  Gli2 
might  act  as  the  primary  Gli  gene  that  mediates  hedgehog 
signaling  during  mammary  gland  development. 

MATERIALS  AND  METHODS 

Animals 

The  inbred  mouse  strain  Balb/C  is  maintained  in  our  laboratory. 
Athymic  Balb/C  nu/nu  (nuc/e)  female  mice  were  obtained  from 
Simonson.  Outbred  CD1  female  mice  were  obtained  from  Charles 
River  Laboratories.  B6D2F1  female  mice  were  obtained  from  Tac- 
onic  Farms. 

Two  breeding  pairs  of  CD1  mice  heterozygous  for  a  disrupted 
GU2  gene  (A Gli2)  were  used  to  initiate  a  breeding  colony.  For  the 
majority  of  this  study,  the  mutation  was  maintained  in  this 
outbred  background  by  crossing  male  Gli2  heterozygotes  with  CD  1 
female  mice  obtained  periodically  over  approximately  2  years.  The 
outbred  background  was  maintained  for  these  initial  studies  as  a 
matter  of  choice  because  all  other  published  phenotypes  for  Gli2 
disruption  are  manifest  in  this  background  and  the  effect  of  this 
mutation  in  other  backgrounds  has  not  yet  been  investigated. 
Genotyping  was  performed  by  PCR  as  described  previously  (Mo  et 
al.,  1997). 

For  Gli2  developmental  expression  studies  (in  situ  hybridization) 
Balb/C  animals  were  used  to  correlate  results  with  expression  of 
other  genes  in  the  hedgehog  signaling  network  currently  under 
study. 

For  investigation  of  Gli2  function  in  alveolar  development,  the 
A GU2  allele  was  crossed  into  a  B6D2F1  background  for  7  genera¬ 
tions  prior  to  use  in  transplantation  experiments. 

Developmental  Stages 

Developmental  stages  examined  were:  3,  5,  10,  and  20  weeks 
postpartum  virgin,  early  pregnant  [5. 5-9. 5  days  postcoitus  (d.p.c.)], 
late  pregnant  (15.5-19.5  d.p.c.),  lactating  (Days  6-7),  and  involuting 
(Days  2,  10,  and  14).  For  pregnancy,  lactation,  and  involution 
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studies,  mice  were  matured  to  10  weeks  of  age  prior  to  mating,  to 
ensure  complete  filling  of  the  mammary  fat  pad  by  a  mature  ductal 
tree.  For  involution,  mice  were  allowed  to  lactate  10  days  prior  to 
pup  removal  to  ensure  that  the  dams  were  still  actively  feeding 
pups. 

mRNA  Isolation 

Mammary  glands  (No.  4)  of  female  Balb/C  mice  were  used  for 
RNA  extractions.  Lymph  nodes  were  removed  using  forceps  and 
the  glands  flash-frozen  in  liquid  nitrogen  immediately  upon  re¬ 
moval.  Glands  were  stored  at  -80°C  prior  to  use.  Total  RNA  was 
isolated  by  column  chromatography  (Qiagen).  Embryonic  day  14 
(El 4)  RNA  was  isolated  in  a  similar  fashion.  RNA  was  used  in 
preliminary  Northern  hybridizations  and  RT-PCR  experiments  to 
determine  whether  Gli2  is  expressed  in  the  mouse  mammary  gland 
(data  not  shown). 

In  Situ  Hybridization 

The  No.  2  and  No.  3  mammary  glands  of  Balb/C  mice  were  used. 
Glands  were  fixed  in  ice-cold  4%  paraformaldehyde:PBS  for  3  h  and 
processed  for  in  situ  hybridization  (Friedmann  and  Daniel,  1996). 
Gli2- specific,  digoxigenin-labeled  riboprobes  were  prepared  using 
T7  and  SP6  RNA  polymerases  and  hybridized  essentially  as  de¬ 
scribed  (Friedmann  and  Daniel,  1996).  In  situ  hybridizations  for 
Ptcl  and  Ihh  were  performed  previously  (Lewis  et  al,  1999)  and  are 
presented  again  in  this  work  to  provide  the  context  for  interpreting 
Gli2  expression  patterns  and  phenotypes. 

Whole  Gland  Morphological  Analysis 

Backcross-derived  AGii2  heterozygotes  and  wild  type  littermate- 
or  age-matched  females  were  used.  CD1  animals  were  also  exam¬ 
ined  as  controls  for  morphological  variation  in  this  outbred  genetic 
background.  At  least  four  animals  were  examined  at  each  stage  for 
each  genotype,  except  that  only  A Gli2  heterozygotes  and  CD1  mice 
were  examined  after  two  pregnancies.  Mammary  glands  1-5  were 
harvested  from  one  side  of  the  animal  at  various  developmental 
stages,  fixed  in  ice-cold  4%  paraformaldehyde:PBS,  and  hematoxy¬ 
lin  stained  as  described  (Daniel  et  al.,  1989).  Each  gland  was 
examined  for  developmental  abnormalities  under  a  dissecting 
scope.  Because  they  are  more  easily  examined  and  photographed, 
only  the  No.  2  and  No.  3  glands  were  scored  for  quantitative 
analyses  (regardless  of  whether  another  gland  in  the  same  animal 
was  affected) . 

Histological  Analysis 

The  No.  2  or  No.  3  mammary  glands  were  used.  At  least  three 
representative  animals  were  examined  for  each  strain  at  each 
developmental  stage.  Gland  fragments  were  embedded  in  paraffin, 
sectioned  at  7  p,m,  and  hematoxylin/eosin  stained. 

Whole  Gland  Transplantation  Rescue  from  Null 
Embryos 

Mammary  glands  from  homozygous  null  or  wild  type  E 18 -El 9.5 
embryos  were  transplanted  between  the  skin  and  body  wall  of 
3-week-old  female  Balb/C  nu/nu  or  B6D2F1  mice  whose  endoge¬ 
nous  No.  4  mammary  glands  had  been  surgically  removed.  Trans¬ 


planted  mammary  glands  were  allowed  to  regenerate  ductal  trees 
for  6  -  8  weeks.  Glands  were  removed  and  processed  for  whole  gland 
and  histological  analysis.  To  control  for  both  genotype  and  sex, 
tails  were  removed  from  each  of  the  donor  embryos  and  both 
genotyped  (as  above)  and  sexed  (by  PCR  amplification  of  the  male 
SRY  gene).  No  differences  were  detected  in  the  degree  or  character 
of  mammary  outgrowths  in  glands  from  male  or  female  donor 
embryos. 


Epithelial  Transplantation  from  Null  Embryos 

Fragments  of  mammary  gland  from  wild  type  and  &Gli2/AGli2 
donor  El 8 -El 9.5  mice  were  transplanted  into  cleared  No.  4  fat 
pads  of  3-week-old  Balb/C  nu/nu  mice.  Subsequent  outgrowths 
were  examined  8  weeks  posttransplantation  as  whole  mounts  and 
histological  samples.  To  control  for  both  genotype  and  sex,  tails 
were  removed  from  each  of  the  embryos  used  and  both  genotyped 
and  sexed  (as  above).  No  differences  were  detected  in  the  degree  or 
character  of  mammary  outgrowths  in  glands  from  male  or  female 
donor  embryos. 


RESULTS 

Gli2  Expression  during  Mammary  Gland 
Development 

Preliminary  Northern  hybridization  and  quantitative  RT- 
PCR  using  total  RNA  demonstrated  mammary  expression 
of  GU2  and  suggested  that  GU2  transcription  may  be 
developmentally  regulated  (not  shown).  To  obtain  more 
specific  data  concerning  spatial  and  temporal  pattern  of 
Gli2  expression,  we  performed  in  situ  hybridization  using 
tissue  at  several  phases  of  mammary  gland  development.  At 
5  weeks  postpartum,  G7i'2was  expressed  exclusively  in  the 
periductal  and  fat  pad  stroma  and  was  associated  with 
condensing  stroma  around  the  neck  of  the  end  bud  (Fig.  1  A). 
Expression  was  elevated  in  condensed  stroma  relative  to 
that  in  stroma  that  had  not  yet  become  associated  with  the 
subtending  ducts  at  the  neck  of  the  terminal  end  bud.  As 
published  previously,  Ptcl  was  expressed  in  both  stromal 
and  epithelial  compartments  at  this  phase  (Fig.  IB).  Ihh 
expression  was  low  but  detectable  in  terminal  end  bud  and 
ductal  epithelium  but  not  in  stroma  (Fig.  1C).  These  expres¬ 
sion  patterns  were  maintained  in  ducts  of  mature  animals 
(Figs.  1D-1F). 

A  fundamental  transition  occurred  during  pregnancy  in 
which  Gli2  expression  became  both  stromal  and  epithelial 
(Fig.  1G).  Epithelial  expression  was  primarily  alveolar  but 
was  also  observed  in  small  ducts  associated  with  developing 
lobuloalveolar  structures  (Fig.  1G).  Expression  in  larger 
ducts  remained  low  to  undetectable  (data  not  shown). 
Expression  of  Ptcl  in  epithelium  of  developing  lobuloalveo¬ 
lar  structures  (Fig.  1H)  and  of  Ihh  in  both  small  ducts  and 
alveoli  (Fig.  II)  also  appeared  elevated  at  this  stage. 

In  late  pregnancy,  the  spatial  pattern  of  expression  of  all 
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FIG.  1.  In  situ  hybridization  of  GH2  during  postnatal  mammary  gland  development:  Gli2  expression  is  correlated  with  expression  of  other 
hedgehog  network  components  as  published  previously.  The  gene  from  which  the  probe  was  designed  is  shown  above  the  column  to  which 
it  applies.  Developmental  stages  examined  are  shown  along  the  left  side  of  the  figure.  Hybridization  is  detected  by  the  accumulation  of  a 
blue-black  precipitate  in  cells  in  which  the  gene  is  expressed.  Epithelial  expression  is  identified  by  red  arrows:  stromal  expression  is 
identified  by  black  arrows.  (A)  GU2  expression  appears  graded  in  condensing  and  condensed  periductal  stroma  at  the  neck  of  a  terminal  end 
bud.  Expression  is  not  detected  in  the  epithelial  compartment.  (B)  Ptcl  expression  in  body  cells  of  terminal  end  bud  and  periductal  stroma. 
(C)  Ihh  expression  in  body  cells  of  terminal  end  bud.  (D)  GH2  expression  in  the  periductal  stroma  of  a  mature  duct.  Expression  is  not 
detected  in  the  epithelial  compartment.  (E)  Ptcl  expression  in  both  epithelial  and  stromal  compartments.  (F)  Ihh  expression  is  detectable 
only  in  the  epithelial  compartment.  (G)  Gli2  expression  in  early  pregnancy,  demonstrating  a  transition  to  both  stromal  and  epithelial 
localization,  particularly  in  developing  alveoli.  (H)  Ptcl  expression  in  both  stromal  and  epithelial  compartments.  (I)  Ihh  expression 
exclusively  in  the  epithelial  compartment  with  elevated  expression  in  developing  alveoli.  0)  Gli2  expression  in  the  stromal  and  epithelial 
compartments  at  late  pregnancy.  Expression  in  alveoli  appears  to  be  elevated  relative  to  that  of  early  pregnancy.  (K)  Ptcl  expression  in  late 
pregnancy.  (L)  Ihh  expression  in  epithelial  compartment  in  late  pregnancy.  (M-O)  Apparently  elevated  expression  of  Gli2,  Ptcl,  and  Ihh  in 
the  epithelial  compartment  during  lactation.  (M-O,  insets)  Sense  strand  control  hybridizations  showing  no  hybridization.  Bar  =  80  jxm. 


three  genes  remained  consistent  with  those  observed  in 
early  pregnancy.  However,  expression  of  each  gene  appeared 
elevated  (Figs.  1J-1L).  All  appeared  to  be  particularly  highly 
expressed  in  epithelium  during  lactation  (Figs.  lM-lO),  as 


judged  by  more  rapid  accumulation  of  the  blue-black  pre¬ 
cipitate  in  all  in  situ  hybridization  experiments.  Sense 
strand  control  hybridizations  showed  no  signal  (Figs.  1M- 
lO,  insets). 
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FIG.  2.  Whole  mammary  gland  transplantation  rescue  from  nullizygous  and  wild  type  late-stage  embryos  into  nude  mouse  hosts:  ductal 
development.  The  genotype  of  the  donor  embryo  from  which  the  transplanted  gland  is  derived  is  shown  at  the  top  of  each  column.  Whole 
gland  and  corresponding  histological  analyses  are  presented.  (A)  Wild  type  donor  transplant  showing  normal  ductal  patterning.  (B) 
Nullizygous  donor  transplant  showing  the  most  prominent  phenotype  of  distended  ducts  (black  arrow)  with  regions  of  misshapen  ducts 
(white  arrow).  A  lymph  node  remnant  is  also  present  (LN).  (C)  Nullizygous  donor  transplant  showing  a  severely  affected  gland  that  had  only 
misshapen,  stunted  ducts  and  side  branches  (black  arrow).  A  lymph  node  remnant  is  also  present  (LN).  (D)  Histological  preparation  of  a  wild 
type  donor  transplant  showing  normal  ductal  architecture.  The  ductal  lumen  is  denoted  by  an  asterisk.  Bar  =  80  jam.  (E)  Histological 
preparation  of  the  nullizygous  donor  transplant  depicted  in  B  showing  the  organization  of  the  highly  distended  duct  terminus  (B,  black 
arrow).  Misshapen  ducts  from  this  type  of  gland  (B,  white  arrow)  had  the  histoarchitecture  depicted  in  F.  The  ductal  lumen  is  denoted  by 
an  asterisk.  Bar  -  220  fxm.  (F)  Nullizygous  donor  transplant  showing  representative  micropapillary  histoarchitecture  (black  arrow)  of 
affected,  misshapen  ducts  and  termini.  Histological  defects  of  this  type  were  observed  in  100%  of  the  nullizygous  transplants  examined. 
The  ductal  lumen  is  denoted  by  an  asterisk.  Bar  =  80  fjon. 


The  Null  Phenotype  for  Ductal  Development: 
Transplantation  Rescue  of  Embryonic  Mammary 
Glands 

A  GU2  is  a  homozygous  perinatal  lethal  mutation,  thus 
precluding  analysis  of  the  adult  phenotype  in  intact  ani¬ 
mals.  To  circumvent  this  difficulty,  we  performed  trans¬ 
plantation  rescue  experiments  in  which  the  entire  intact 
embryonic  (E 18 -El 9.5)  mammary  glands  (both  epithelium 
and  fat  pad  precursor  mesenchyme)  were  removed  and 
transplanted  between  the  skin  and  body  wall  (their  normal 
position)  of  3-week-old  virgin  Balb/C  nu/nu  or  B6D2F1 
hosts  whose  endogenous  No.  4  gland  had  been  removed. 

Transplants  from  wild  type  and  nullizygous  late-stage 
embryos  (E18-E19.5)  were  examined  6-8  weeks  posttrans¬ 
plantation.  Transplanted  mammary  glands  did  not  achieve 
full  size  but  generally  grew  as  disks  about  0.5-1. 5  cm  in 
diameter.  Transplants  were  usually  adherent  to,  and  vascu¬ 
larized  from,  the  musculature  of  the  body  wall  but  could 
also  be  vascularized  from  the  skin.  As  expected,  mammary 
glands  from  wild  type  donor  embryos  grew  with  normal 
branching  morphogenesis  (Fig.  2 A).  Mammary  glands  from 
nullizygous  embryos  also  showed  ductal  outgrowths.  How¬ 
ever,  outgrowths  showed  a  range  of  morphological  disrup¬ 
tions.  Many  ducts  appeared  near  normal;  others  were  dys- 
plastic,  being  either  highly  distended  or  undulating  within 
the  stroma  (Fig.  2B).  Rarely,  transplants  appeared  severely 
altered  with  short  ducts  and  stunted  side  branches  (Fig.  2C). 


In  histological  analysis,  transplants  from  wild  type  donor 
embryos  showed  unperturbed  histoarchitecture  (Fig.  2D) 
with  the  ductal  epithelium  surrounded  by  a  characteristic 
periductal  stroma.  Transplants  from  homozygous  null  em¬ 
bryos  showed  a  range  of  histological  disruptions.  A  minor¬ 
ity  of  ducts  appeared  normal  (not  shown),  whereas  dis¬ 
tended  regions  of  ducts  showed  large  lumena  surrounded  by 
a  single  thin  layer  of  lumenal  epithelial  cells  with  very  little 
periductal  stroma  (Fig.  2E).  In  all  null  transplants  examined 
we  detected  extended  regions  of  ductal  dysplasia,  consisting 
of  micropapillary  epithelial  extensions  or  bridges  that  pro¬ 
truded  into  the  lumen,  in  some  cases  appearing  to  occlude 
it,  as  determined  by  examination  of  serial  sections  through 
entire  ducts  (Fig.  2F).  As  with  the  distended  regions,  there 
was  a  reduced  quantity  of  periductal  stromal  elements. 

The  Null  Phenotype  for  Ductal  Development : 
Epithelial  Transplantation  into  Cleared  Fat  Pads  of 
Wild  Type  Hosts 

As  an  initial  step  in  addressing  the  issue  of  tissue 
compartment-specific  function^)  for  GU2,  we  wished  to 
determine  whether  the  AGii2-induced  ductal  defects  in 
glands  derived  from  homozygous  null  donors  reflected  an 
intrinsic  defect  in  the  epithelium  or  stroma  (or  both).  To 
address  this  question,  wild  type  and  homozygous  null 
epithelium  were  transplanted  contralaterally  into  both  No. 
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FIG.  3.  Epithelial  transplants  into  cleared  fat  pads  of  nude  mouse 
hosts.  The  genotype  of  the  donor  animal  from  which  the  epithe¬ 
lium  was  derived  is  shown  above  the  column.  The  ductal  lumena 
are  designated  by  asterisks.  Adipose  stroma  is  denoted  by  a  letter 
“s."  (A)  Wild  type  epithelium  showing  normal  ductal  histoarchi- 
tecture.  (B)  Nullizygous  epithelium  showing  normal  ductal  histo- 
architecture.  Bar  =  27  p,m. 


4  epithelium-free  (cleared)  fat  pads  of  Balb/c  nu/nu  mice 
and  allowed  to  regenerated  a  ductal  tree  for  8  weeks. 

As  expected,  transplants  of  wild  type  epithelium  grew 
normally  and  completely  filled  the  available  fat  pad.  Null 
epithelial  outgrowths  also  grew  with  normal  branching 
morphology  and  completely  filled  the  available  fat  pad.  No 
defects  were  observed  in  any  transplant  at  the  level  of 
whole  gland  analysis  (data  not  shown).  Histological  analysis 
also  demonstrated  that  the  cellular  architecture,  unlike 
that  in  the  whole  gland  transplants,  was  uniformly  normal, 
regardless  of  whether  the  epithelium  was  genotypically 


wild  type  (Fig.  3 A)  or  homozygous  null  (Fig.  3B).  These 
results  are  consistent  with  a  role  for  GU2  function  in  the 
periductal  stroma  during  ductal  development. 

The  Null  Phenotype  for  Alveolar  Development 
during  Pregnancy:  Transplantation  Rescue  of 
Embryonic  Mammary  Glands 

The  functional  requirement  for  GU2  during  ductal  devel¬ 
opment  coupled  with  the  spatially  and  temporally  regulated 
patterns  of  Gli2  expression  during  pregnancy  and  lactation 
led  to  the  hypothesis  that  Gli2  function  might  be  required 
for  alveolar  development.  To  test  this  hypothesis,  we  per¬ 
formed  transplantation  rescue  experiments  in  which  entire 
intact  embryonic  (El 8 -El 9. 5)  mammary  glands  were  re¬ 
moved  and  transplanted  between  the  skin  and  body  wall  of 
3-week-old  virgin  B6D2F1  hosts  whose  endogenous  No.  4 
gland  had  been  removed.  Transplanted  glands  were  allowed 
to  grow  for  4  weeks  and  the  host  females  impregnated. 
Transplants  were  harvested  at  18  d.p.c.  and  examined. 

In  direct  contradiction  to  the  hypothesis,  mammary 
glands  derived  from  either  wild  type  or  homozygous  null 
donors  showed  no  overt  differences  in  the  extent  of  alveolar 
development  or  the  degree  to  which  the  cells  were  prepared 
for  lactation  (Fig.  4).  Alveoli  in  the  null  transplant  (Fig.  4 A) 
appeared  indistinguishable  from  those  in  the  wild  type 
transplant  (Fig.  4B)  or  from  the  host  control  glands  for  each 
transplant  (Figs.  4C  and  4D,  respectively).  Alveoli  were 
morphologically  and  histologically  equivalent  in  size  and 


Transpl  ant 


Wi  I  d  type 
Host 


FIG.  4.  Whole  mammary  gland  transplantation  rescue  from  nullizygous  and  wild  type  late-stage  embryos  into  B6D2F1  mouse  hosts: 
alveolar  development.  The  genotype  of  the  donor  embryo  from  which  the  transplanted  gland  is  derived  is  shown  at  the  top  of  each  column. 
Alveolar  lumen  is  denoted  by  an  asterisk.  Cytoplasmic  lipid  droplets  (CLD)  characteristic  of  late  pregnancy  are  denoted  by  arrows.  (A) 
Nullizygous  transplant.  (B)  Wild  type  transplant.  (C)  Wild  type  host  for  transplant  shown  in  A.  (D)  Wild  type  host  for  transplant  shown  in 
B.  Bar  =  27  /xm. 
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FIG.  5.  Whole  gland  morphological  analysis  in  virgin  and  parous 
animals.  Animal  developmental  stage  is  shown  along  the  left  edge 
of  the  figure;  genotype  of  the  animal  from  which  the  gland  is 
derived  is  shown  at  the  top  of  each  column.  (A)  Radial  bud  (arrow) 
observed  in  heterozygotes.  The  buds  appear  to  originate  at  a 
branchpoint  behind  otherwise  normal-appearing  terminal  end 
buds.  (B)  Normal  branchpoint  in  a  wild  type  animal.  (C)  Multiple 
focal  dysplasias  (white  arrows)  in  the  most  severely  affected  female. 
Duct  morphology  is  within  the  normal  range  observed  in  control 
animals  at  this  phase  of  development.  (D)  Normal  ducts.  Duct 
morphology  is  representative  of  the  majority  of  animals  at  this 
phase  of  development.  (E)  Focal  dysplasia  (arrow)  observed  at 
elevated  frequency  in  Gli2  heterozygotes.  (F)  Focal  dysplasia  simi¬ 
lar  to  that  in  E  (arrow)  observed  in  wild  type  animals  at  lower 
frequency. 


showed  a  high  proportion  of  the  cells  with  large  cytoplas¬ 
mic  lipid  droplets,  indicating  that  milk  lipid  synthesis  was 
normal.  It  should  be  noted  that,  in  several  cases,  develop¬ 
ment  of  the  transplanted  glands  (both  homozygous  null  and 
wild  type  controls)  appeared  slightly  delayed  relative  to  that 
of  the  host  mammary  glands. 

The  Heterozygous  Phenotype:  Ductal 
Morphogenesis 

In  whole-mount  and  histological  analysis  morphological 
defects  were  detected  in  heterozygotes  as  early  as  5  weeks 
postpartum  (Fig.  5A).  Defects  appeared  as  small  rosettes  of 
radial  buds  or  branches  emanating  from  what  appeared  to  be 
a  branchpoint.  No  such  defects  were  observed  in  wild  type 
control  animals  (Fig.  5B).  At  10  and  20  weeks  of  age,  defects 
in  heterozygotes  were  generally  larger  and  had  the  appear¬ 
ance  of  spherical  staining  densities  in  whole  gland  analysis 
(Fig.  5C).  Again,  no  defects  were  detected  in  mammary 
glands  of  wild  type  control  animals  at  these  stages  (Fig.  5D). 


Parous  heterozygous  animals  demonstrated  the  most 
dramatic  defects  fig.  5E).  In  each  affected  animal,  staining 
densities  were  observed  in  whole  gland  analysis  that  bore 
superficial  resemblance  to  precancerous  hyperplastic  alveo¬ 
lar  nodules  (HANs)  observed  in  some  strains  of  mice. 
Similar  defects  were  detected  in  a  small  percentage  of  wild 
type  control  animals  (both  littermate  and  CD1  controls) 
after  a  single  pregnancy  (Fig.  5F). 

The  percentage  of  animals  affected  increased  steadily  in 
AG7i2  heterozygotes  from  the  earliest  stages  examined, 
such  that  after  two  pregnancies,  100%  of  heterozygotes 
showed  defects  (Fig.  6A).  The  percentage  of  wild  type 
animals  (either  littermates  or  CD1  controls)  affected  re¬ 
mained  low  through  the  first  pregnancy  but  increased  after 
a  second  pregnancy,  such  that  about  50%  of  the  animals 
showed  defects.  The  number  of  lesions  observed  per  gland 
also  increased  in  heterozygotes  as  a  function  of  age  and 
parity  (Fig.  6B).  Whereas  the  frequency  remained  low  in 
wild  type  animals  through  two  pregnancies,  the  frequency 
of  defects  per  gland  in  A  GU2  heterozygotes  approached  1  in 
multiparous  animals.  Only  a  few  glands  displayed  multiple 
focal  dysplasias  (n  ^  3). 

Histological  analysis  of  defects  in  5-week-old  virgin  ani¬ 
mals  (Fig.  7A)  demonstrated  that  the  radial  buds  observed  in 
A  Gli2  heterozygotes  were  similar  to  terminal  end  buds  in 
having  multiple  layers  of  epithelial  cells.  However,  these 
radial  buds  differed  in  many  cases  by  having  no  clearly 
identifiable  cap  cell  layer.  In  addition,  approximately  25% 
of  terminal  end  buds  were  disrupted  in  heterozygotes  (Fig. 
7B).  Wild  type  glands  showed  no  such  defects  (Fig.  7C). 

At  10  and  20  weeks  postpartum,  glands  from  A Gli2 
heterozygotes  showed  a  variety  of  histological  phenotypes. 
Many  showed  an  architecture  similar  to  that  of  those 
observed  at  5  weeks  with  multiple  elongated  radial  ductules 
(Fig.  7D).  Others  were  more  severe  (Fig.  7E),  showing 
regions  of  densely  packed,  monomorphic  epithelial  cells 
abutting  the  adipose  stroma  and  not  surrounded  by  the 
usual  fibrous  elements  of  the  periductal  stroma.  No  histo¬ 
logical  defects  were  observed  in  wild  type  control  glands  at 
these  stages  (Fig.  7F). 

Parous  and  multiparous  animals  showed  an  array  of 
histological  abnormalities.  Defects  detected  after  a  single 
pregnancy  were  focal  (Fig.  8A)  but  highly  disorganized  with 
loosely  associated  epithelial  cells  interspersed  with  stromal 
elements  and  eosinophilic  regions.  Ducts  not  immediately 
associated  with  focal  defects  appeared  normal  (Fig.  8B). 
Focal  defects  were  also  observed  rarely  in  wild  type  animals 
after  a  single  pregnancy  that  were  histologically  consistent 
with  those  in  heterozygotes  (Fig.  8C)  but  generally  less 
severe. 

A  clear  distinction  between  wild  type  and  LG112  het¬ 
erozygous  animals  arose  after  a  second  pregnancy.  In  addi¬ 
tion  to  dysplasias  similar  to  those  observed  after  a  single 
pregnancy  (Fig.  8D),  alveolar  hyperplasias  were  identified 
that  consisted  of  multiple  clusters  of  alveolar  structures 
with  a  paucity  of  periepithelial  stromal  elements  (Fig.  8E). 
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FIG.  6.  Frequency  of  mammary  defects  detectable  by  whole  gland  morphological  analysis  at  various  stages  of  development.  All  defects 
were  confirmed  by  histological  evaluation.  (A)  Percentage  of  GU2  heterozygotes,  littermate/age  matched  controls  and  wild  type  CD1 
controls  with  developmental  defects  according  to  strain.  (B)  Number  of  defects  observed  per  gland  analyzed  according  to  strain. 
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FIG.  7.  Histological  comparison  of  terminal  end  buds  and  ducts  during  virgin  development.  Animal  developmental  stage  is  shown  along 
the  left  edge  of  the  figure;  genotype  of  the  animal  from  which  the  gland  is  derived  is  shown  at  the  top  of  each  column.  Stroma  is  denoted 
by  a  red  letter  “s.”  Lumena  are  denoted  by  an  asterisk.  (A)  Radial  bud  shown  in  Fig.  5A.  Radial  buds  with  end  bud-like  morphology  are  in 
close  proximity  to  one  another.  (B)  Affected  terminal  end  bud.  Cap  cell  and  body  cell  layers  are  severely  altered  with  respect  to  cell- cell 
contacts.  Stromal  condensation  appears  altered.  (C)  Normal  terminal  end  bud.  Note  the  ordered  appearance  of  the  cap  and  body  cell  layers 
and  the  small  amount  of  stromal  condensation  at  the  neck  of  the  terminal  end  bud.  (D)  Radial  ductules.  These  structures  likely  originate 
as  the  radial  buds  shown  in  A.  (E)  Ductal  dysplasia.  Epithelial  cells  are  prevalent  and  appear  to  occlude  the  duct.  (F)  Normal  duct.  Bar  = 
80  jxm. 

FIG.  8.  Histological  comparison  of  focal  dysplasias  in  parous  and  multiparous  animals.  Animal  developmental  stage  is  shown  along  the 
left  edge  of  the  figure;  genotype  of  the  animal  from  which  the  gland  is  derived  is  shown  at  the  top  of  each  column.  (A)  Focal  dysplasia  in 
a  A GU2  heterozygote  demonstrating  disorganized  epithelium  with  the  inclusion  of  eosinophilic  structures  (arrow).  Bar  =  80  p,m.  (B)  Normal 
duct  representative  of  ducts  both  in  heterozygotes  and  in  wild  type  animals  that  were  not  associated  with  the  focal  dysplasias.  (C)  Focal 
dysplasia  in  a  wild  type  animal  showing  similar  histological  character  and  eosinophilic  structures  (arrow)  as  those  observed  in  A Gli2 
heterozygotes.  Bar  -  80  /u m.  (D)  Focal  dysplasia  (arrow).  Bar  =  80  /u,m.  (E)  Alveolar  hyperplasia  (arrow)  in  heterozygous  animal.  Bar  =  220 
/um.  (F)  Focal  dysplasia  in  a  wild  type  animal  similar  to  that  in  D.  Bar  =  200  /xm.  (G)  Ductal  dysplasia  located  in  a  region  distant  from  the 
focal  dysplasia  depicted  in  D.  Note  the  near  occlusion  of  the  ductal  lumen  by  loosely  associated  epithelial  cells  and  the  unusual  patterning 
of  periductal  stroma  (arrow).  Bar  =  200  /um.  (H)  Ductal  dysplasia  showing  an  apparent  "tube-within-a-tube-within-a-tube”  arrangement  of 
interdigitated  epithelial  and  stromal  cell  layers  (arrow).  Bar  =  200  /um.  (I)  Normal  duct  observed  in  wild  type  animals  in  regions  distant  from 
focal  dysplasias.  Bar  -  200  /um. 
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FIG.  9.  Reduced  alveolar  development  at  late  pregnancy  (Day  18.5)  in  A Gli2  heterozygotes.  The  genotype  of  the  animal  from  which  the 
gland  is  derived  is  shown  above  the  column  to  which  it  applies.  The  severity  of  the  phenotype  is  also  shown.  Representative  alveolar 
structures  are  identified  with  black  arrows.  Adipose  stroma  is  denoted  by  a  letter  “s.”  (A)  Whole  gland  preparation  of  a  severely  affected 
heterozygote.  Poorly  developed  alveoli  are  denoted  by  an  arrow.  (B)  Whole  gland  preparation  of  a  mildly  affected  heterozygote.  Poorly 
developed  alveoli  are  denoted  by  an  arrow.  (C)  Whole  gland  preparation  of  a  normal  wild  type  animal.  Note  that  alveoli  are  fully  developed, 
showing  the  characteristic  “grape  cluster”  morphology  (arrow).  (D)  Histological  preparation  of  the  gland  shown  in  A.  Poorly  developed 
alveoli  are  denoted  by  an  arrow.  Adipose  stroma  is  inappropriately  maintained.  (E)  Histological  preparation  of  the  gland  shown  in  B. 
Alveolar  development  is  stunted  (arrow),  again  with  inappropriate  maintenance  of  adipose  stroma.  (F)  Histological  preparation  of  the  gland 
shown  in  C.  Alveoli  are  fully  developed  and  enlarged  (arrow)  with  little  adipose  stroma  maintained.  (G— I)  Higher  magnification  views  of  D-F 
showing  differences  in  cellular  organization  and  a  decreased  number  of  cytoplasmic  lipid  droplets  within  alveolar  cells  of  G  and  H  relative 
to  that  of  I.  G-I,  bar  =  240  p,m. 


In  wild  type  control  animals,  only  the  focal  hyperplasias 
were  observed  (Fig.  8F).  In  addition,  histological  defects  in 
heterozygotes  were  no  longer  confined  to  the  focal  lesions 
but  were  distributed  in  ducts  not  immediately  associated 
with  nodular  defects  (Figs.  8G  and  8H).  No  defects  were 
detected  in  multiparous  wild  type  animals  in  ducts  distant 
from  focal  dysplasias  (Fig.  81). 

The  Heterozygous  Phenotype:  Alveolar 
Morphogenesis 

In  contrast  to  the  normal  alveolar  development  observed 
in  whole  gland  transplantation  experiments  using  null 
mammary  tissue,  when  heterozygous  animals  were  exam¬ 
ined  in  late  pregnancy  (P18.5-P19.0),  approximately  37%  of 
the  animals  (6/16)  demonstrated  marked  hypoplasia  of  the 
alveolar  epithelium  (Figs.  9A  and  9B)  relative  to  that  of  wild 
type  control  animals  (Fig.  9C).  These  observations  were 


confirmed  at  the  histological  level  at  which  affected  het¬ 
erozygotes  showed  reduced  alveolar  development  and  inap¬ 
propriate  retention  of  adipose  stroma  (Figs.  9D  and  9E  vs 
9F). 

At  higher  magnification,  clear  differences  can  be  seen  in 
both  the  extent  of  alveolar  expansion  and  the  degree  to 
which  alveolar  cells  are  prepared  for  secretion  (Figs.  9G  and 
9H  vs  91).  In  each  of  the  affected  heterozygotes,  cytoplasmic 
lipid  droplets  are  observed  in  the  more  highly  developed 
regions  of  the  gland  but  are  rare  in  the  underdeveloped 
portion.  Wild  type  animals  show  uniform  alveolar  morphol¬ 
ogy  and  a  high  proportion  of  alveolar  cells  containing 
visible  cytoplasmic  lipid  droplets.  Despite  these  observa¬ 
tions,  no  lactational  defects  or  developmental  abnormali¬ 
ties  were  detected  when  mammary  glands  were  examined 
after  6  days  of  lactation,  suggesting  that  alveolar  develop¬ 
ment  in  late  pregnant  heterozygous  animals  was  delayed 
but  not  entirely  defective. 
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DISCUSSION 

Gli2  Is  a  Key  Gli  Gene  Active  in  the  Mammary 
Gland 

Previous  analysis  of  Ptcl  expression  through  mammary 
gland  development  showed  regulated  expression  in  both 
epithelium  and  stroma.  In  the  same  work,  expression  of  Ihh 
was  also  shown  to  be  developmentally  regulated  with  a 
dramatic  increase  in  developing  alveoli  during  pregnancy 
(Lewis  et  al.,  1999).  These  observations  predicted  that 
expression  (or  function)  of  a  key  Gli  gene  active  in  the 
mammary  gland  should  also  be  temporally  or  spatially 
regulated.  In  addition,  some  correlation  might  exist  be¬ 
tween  Gli  gene  expression  and  the  expression  patterns  of 
Ptcl  and  Ihh.  If  such  a  correlation  were  observed,  these 
results  might  help  explain  the  requirement  for  wild  type 
levels  of  Ptcl  function  during  ductal  development  and  the 
phenotypic  reversion  observed  in  Ptcl  heterozygotes  during 
pregnancy. 

Using  in  situ  hybridization  we  have  demonstrated  that 
GU2  expression  is  spatially  regulated,  being  restricted  to  the 
periductal  stroma  in  virgin  animals  but  becoming  both 
stromal  and  epithelial  during  pregnancy  and  lactation. 
Expression  levels  also  appeared  to  be  temporally  regulated 
in  coordination  with  the  reproductive  status  of  the  animal. 
The  spatial  and  temporal  pattern  of  Gli2  expression  is 
tightly  correlated  with  enhanced  expression  of  Ihh  and  Ptcl 
in  the  epithelium.  Finally,  the  appearance  of  epithelial 
expression  of  Gli2  correlated  well  with  the  reversion  of 
defects  in  Ptcl  heterozygotes  in  pregnancy  and  lactation 
(Lewis  et  al.,  1999). 

The  tissue  compartment  switch  in  Gli2  expression  be¬ 
tween  ductal  and  alveolar  development  is,  to  our  knowl¬ 
edge,  a  unique  observation.  Whereas  many  genes  show 
changes  in  expression  levels  from  virgin  to  reproductive 
development  and,  indeed,  can  show  altered  distribution 
from  one  epithelial  structure  to  another  (e.g.,  ducts  vs 
alveoli),  expression  remains  in  the  same  tissue  compart¬ 
ment  throughout  postnatal  development.  As  a  general  in¬ 
terpretation,  we  propose  Gli2  mRNA  expression  to  be  an 
indicator  of  active  hedgehog  signaling.  If  this  interpretation 
is  correct,  hedgehog  signaling  status  in  the  epithelial  com¬ 
partment  changes  from  inactive  during  virgin  development 
to  active  during  pregnancy  and  lactation.  GU2  expression 
may  act  as  a  unique  molecular  marker  for  this  critical  shift 
in  the  developmental  and  physiological  state  of  lumenal 
epithelial  cells. 

With  respect  to  Gli2  function,  our  transplantation  results 
demonstrate  that  disruption  of  Gli2  leads  to  defects  in 
ductal  development  in  transplanted  intact  glands  (the  de¬ 
fects  are  intrinsic  to  the  organ)  but  that  loss  of  Gli2  function 
solely  in  the  epithelium  is  not  sufficient  to  allow  recapitu¬ 
lation  of  the  null  ductal  phenotype.  Consistent  with  the  in 
situ  hybridization  results,  the  demonstration  that  mutant 
epithelium  is  phenotypically  normal  in  the  context  of  wild 
type  stroma  suggests  that  Gli2  functions  primarily  in  the 


stroma  during  ductal  development.  We  have  not  yet  deter¬ 
mined  whether  mutant  stroma  can,  in  turn,  direct  defective 
development  of  wild  type  epithelium.  Therefore,  it  remains 
formally  possible  that  GU2  must  be  disrupted  in  both  the 
stroma  and  the  epithelium  to  recapitulate  the  null  ductal 
phenotype. 

Our  ongoing  analyses  of  the  AGlil  and  Gli3xt  mouse 
strains  have  thus  far  shown  no  demonstrable  phenotype. 
The  data  presented  here  suggest  that  Gli2  is  a  key  Gli  gene 
active  in  the  mammary  gland.  Unfortunately,  without 
detailed  information  concerning  genes  regulated  directly  by 
G7i2-mediated  hedgehog  signaling  we  cannot  address 
whether  Gli2  is  functioning  as  a  transcriptional  activator  or 
as  a  transcriptional  repressor  in  any  given  tissue  compart¬ 
ment  at  any  given  phase  of  development. 

Does  GU2  Have  a  Function  in  Alveolar 
Development? 

Detection  of  regulated  and  enhanced  GH2  expression  in 
the  epithelium  during  pregnancy  and  lactation  suggested 
the  hypothesis  that  GU2  functions  in  alveolar  development 
or  functional  differentiation.  This  hypothesis  was  not  sup¬ 
ported  by  the  whole  gland  transplantation  assays  or  by 
epithelial  transplantation  assays  (not  shown)  in  which 
alveolar  morphogenesis  and  differentiation  appeared  nor¬ 
mal.  However,  the  hypothesis  was  supported  by  the  obser¬ 
vation  that  approximately  37%  of  heterozygous  female 
mice  displayed  hypoplastic  development  of  alveoli  during 
late  pregnancy. 

At  present  we  are  unable  to  reconcile  these  two  conflict¬ 
ing  results  and,  based  on  other  unpublished  data  (cited  in 
Lewis,  2001),  are  currently  of  the  opinion  that  the  alveolar 
hypoplasia  observed  in  some  Gli2  heterozygotes  is  not 
artifactual.  One  possibility  is  that,  in  the  null  mammary 
gland,  Gli2  function  is  compensated  by  Glil,  Gli3,  or  both, 
but  that  this  compensatory  function  is  not  permitted  in  the 
heterozygotes.  Current  data  suggest  that  neither  Glil  nor 
Gli3  alone  is  essential  for  mammary  gland  development. 
However,  the  complex  regulatory  interactions  known  to 
exist  among  the  Gli  genes  in  other  organs  make  this 
scenario  plausible.  Alternatively,  hedgehog  signaling  re¬ 
quired  for  alveolar  development  could  be  mediated  by  a 
Gif  independent  mechanism  that  is  influenced  by  Gli2  in 
heterozygotes  but  not  in  the  null  mammary  glands.  Each  of 
these  hypotheses  is  currently  being  tested. 

Does  A  Gli 2  Heterozygosity  Contribute  to 
Developmental  Defects? 

The  observation  that  a  low  percentage  of  wild  type 
animals  displayed  ductal  alterations  similar  to  those  ob¬ 
served  in  parous  A Gli2  heterozygous  animals  is  unusual. 
Our  interpretation,  in  the  absence  of  evidence  to  the  con¬ 
trary,  is  that  heterozygosity  of  A Gli2  is  causal  for  defects  in 
terminal  end  bud  development  and  subsequent  ductal  dys¬ 
plasias  arising  therefrom  and  that  heterozygosity  of  AGli2  is 
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permissive  for  enhancement  of  an  underlying  propensity  to 
form  alveolar  hyperplasias  in  the  CD1  outbred  population. 
Outcrossing  of  the  AGU2  allele  into  the  B6D2F1  back¬ 
ground,  which  does  not  show  an  elevated  frequency  of 
spontaneous  dysplasia  in  virgin  or  parous  animals,  should 
allow  us  to  separate  these  two  possibilities. 
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